The immunological mechanisms that regulate abortion are largely unknown. Here, we found that a distinct subset of lymphocytes, V␣14 NKT cells expressing an invariant antigen receptor encoded by V␣14͞J␣281 and V␤7 segments, accumulated in the decidua during pregnancy and provoked abortion upon stimulation with ␣-galactosylceramide (␣-GalCer), a specific ligand for V␣14 NKT cells. The ␣-GalCer-mediated abortion was not observed in V␣14 NKT-, IFN-␥-, tumor necrosis factor ␣-, or perforin-knock-out mice and appeared to be due to the degeneration of embryonic trophoblasts mediated by the activated V␣14 NKT cells whose perforin-dependent killing and production of IFN-␥ and tumor necrosis factor ␣ were essential. The possible role of the decidual V␣14 NKT cells in the pathogenesis of abortion is discussed.
A lthough fetal tissues possess paternal antigens, the fetus is thought to be protected from the maternal immune system. However, the precise cellular and molecular mechanisms underlying the maintenance of pregnancy and the induction of abortion remain unclear. Various immunological mechanisms have been proposed (1) (2) (3) (4) (5) (6) . Cytokines produced by type 2 helper T (Th2) cells, including IL-10 and tumor growth factor ␤ (TGF-␤), seem to be important for the maintenance of pregnancy through their immunosuppressive effects (2) (3) (4) (5) . On the other hand, Th1 cytokines, such as IL-2, IFN-␥, and tumor necrosis factor ␣ (TNF-␣), induce abortion (1, 6) . In addition to these cytokines, a certain type of cells seems to be involved. Recent findings by Munn et al. (7, 8) suggest that indoleamine 2,3-dioxygenase (IDO), an enzyme that catabolizes tryptophan, plays a critical role for the maintenance of pregnancy by suppressing maternal allospecific T cell activation in the decidua. Moreover, the involvement of natural killer (NK) cell-mediated immune mechanisms also has been reported (6, 9, 10) . Thus, it is conceivable that several types of lymphocytes with different functional activities and their cytokines contribute to pregnancy and abortion in different pathological situations. Despite the above experimental findings, immunological mechanisms involved in the fetomaternal interaction remain controversial. This might be due to the lack of an appropriate experimental model system for addressing the critical questions about the maintenance of pregnancy and the induction of abortion.
V␣14 NKT cells, recently defined as a distinct subset of lymphocytes, are characterized by the coexpression of an NK marker, NK1-1, and a single invariant antigen receptor encoded by V␣14 and J␣281 gene segments (11) (12) (13) . Conventional T cells do not express the invariant V␣14J␣281 antigen receptor (14) , indicating their selective usage in V␣14 NKT cells. Thus, disruption of the invariant V␣14 receptor results in the selective loss of V␣14 NKT cells, leaving other immune systems intact (15) . It is thus indicated that V␣14 NKT cells are a distinct lymphoid lineage expressing several characteristics that demarcate them from T cells, NK cells, and B cells. V␣14 NKT cells produce both IFN-␥ and IL-4 upon stimulation with their specific ligand, ␣-galactosylceramide (␣-GalCer) (16) . Other lymphoid populations, such as T cells or NK cells, are not activated by ␣-GalCer (16, 17) . Moreover, the ligand-activated V␣14 NKT cells directly kill various tumor cells by an NK-like mechanism after direct contact with targets, resulting in the inhibition of tumor metastasis in vivo (18) . Thus, V␣14 NKT cells appear to play a crucial role in various immune responses.
Recently, parasitic glycosyl-phosphatidylinositols derived from Plasmodium, Trypanosoma, or Leishmania, which are known to induce abortion at high frequency (4, (19) (20) (21) , were shown to stimulate V␣14 NKT cells (22) . Therefore, it is of interest to determine whether V␣14 NKT cells are responsible for abortion. Here, we demonstrate that V␣14 NKT cells accumulate in the decidua and provoke abortion upon stimulation with ␣-GalCer. The abortion appears to be due to the degeneration of embryonic trophoblasts mediated by the activation of V␣14 NKT cells in which perforin-dependent killing and the secretion of TNF-␣ and IFN-␥ are essential.
GTCATTGAA-3Ј and 5Ј-GCAGCGACTCCTTTTCCGCTTCC-T-3Ј; and TNF-␣, 5Ј-ATGAGCACAGAAAGCATGATC-3Ј and 5Ј-TACAGGCTTGTCACTCGAATT-3Ј.
Antibodies and Flow Cytometry. mAbs used were as follows: antibodies against NK1.1 (PK136-PE), T cell antigen receptor ␤ (TCR␤) (H57-597-biotin), V␤7 (TR310-FITC), and V␤8 (MR5-2-FITC) were purchased from PharMingen. Cychromestreptavidin (PharMingen) was used to detect the biotinylated antibodies. Mononuclear cells in the decidua and spleen were collected by Ficoll͞Hypaque (Amersham Pharmacia) gradient centrifugation and analyzed by EPICS XL (Coulter) as described (27) .
Cytokine Production of Decidual NKT Cells. The decidual mononuclear cells were stimulated with ␣-GalCer-pulsed dendritic cells (DCs) prepared from the spleens of RAG-1-KO mice (16) . Because the number of DCs in the mononuclear cell preparations varied in different experiments, ␣-GalCer-pulsed DCs were used to obtain maximal responses. Cytokine concentrations in the supernatants were measured with ELISA kits (Endogen, Cambridge, MA).
Histology. Uteri were fixed in 4% paraformaldehyde overnight at 4°C. They then were treated with ethanol and xylene, immersed in paraffin, and embedded. Sections of 4 m in thickness were prepared and stained with hematoxylin and eosin solution.
␤-Galactosidase Staining and Methacrylate-Embedded Sections. B6 females were mated to ROSA ␤geo 26 (ROSA 26) male mice expressing ␤-galactosidase (25) . The uteri of F 1 females were fixed in 2% paraformaldehyde͞5 mM EGTA͞2 mM magnesium chloride in 0.1 M sodium phosphate buffer, pH 7.3, for 30 min at room temperature. After washing twice in 2 mM magnesium chloride in 0.1 M sodium phosphate buffer, pH 7.3, the samples were stained in 0.1 M sodium phosphate buffer, pH 7.3, containing 1 mg͞ml X-Gal (5-bromo-4-chloro-3-indolyl ␤-Dgalactoside; Wako), 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide (Sigma), 2 mM magnesium chloride, and 0.2% Nonidet P-40. X-Gal-stained samples were embedded in methacrylate with a JB-4 embedding kit (Polysciences) (28) . Sections were cut at a thickness of 3-4 m and observed under a microscope in a dark field.
Detection of Apoptotic Cells. Terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling (TUNEL) assay on the uterus section was performed by following the manufacturer's protocol (Boehringer Mannheim). After signal conversion by alkaline phosphatase reaction, specimens were counterstained with 1% methyl green solution.
Results

V␣14 NKT Cells in the Decidua.
We first investigated the feature of V␣14 NKT cells accumulated in the decidua during pregnancy. The decidual mononuclear cells were prepared from three pregnant B6 mice on day 14 of gestation and stained with anti-NK1.1, anti-TCR␤, and anti-V␤7 or anti-V␤8. As shown in Fig. 1A , 0.12% of mononuclear cells in the decidua were NKT cells expressing both NK1.1 and TCR␤. The majority of the NKT cells were found to express V␤7 (74.4%), whereas V␤8 ϩ cells accounted for only 15.1%. PCR analysis on V␤ usage in the decidual mononuclear cells at different time points in pregnancy also confirmed that V␤7 dominated from the beginning to the end of pregnancy (data not shown). Moreover, the majority of the V␣14 sequences (ICVGGDRGS in the CDR3 region; 18 of 19 sequenced) in decidual mononuclear cells were identical to that of the canonical V␣14 NKT cell receptor (11) (12) (13) . In addition, the dominant V␤7 sequences were mostly invariant (ASSLWQGEQY in the CDR3 region; 21 of 23 sequenced), and not found in other tissues, including bone marrow, spleen, liver, and thymus (27) . These results indicate that a unique subset of V␣14͞V␤7 NKT cells accumulates in the decidua during pregnancy.
Cytokine Production by Decidual V␣14 NKT Cells. V␣14 NKT cells in adult lymphoid tissues are known to produce both IFN-␥ and IL-4 upon stimulation with ␣-GalCer (16). Cytokine production by decidual V␣14 NKT cells was examined after stimulation with ␣-GalCer-pulsed DCs in vitro. Interestingly, the decidual V␣14 NKT cells produced a significant amount of IFN-␥ but not IL-4 or IL-2 (Fig. 1B) . Similarly, IFN-␥ and TNF-␣ transcripts but not those of IL-4 or IL-2 were induced in the decidual mononuclear cells of pregnant mice receiving ␣-GalCer (Fig. 1C) . These cytokine profiles are clearly distinct from those of splenic V␣14 NKT cells (16) .
Involvement of Decidual V␣14 NKT Cells in ␣-GalCer-Induced Abortion. To investigate the function of decidual V␣14 NKT cells, ␣-GalCer was injected to B6 pregnant mice at different gestation times. Three days later, the numbers of resorbing and living embryos were counted. As summarized in Table 1 , injection of ␣-GalCer on days 4-8 of pregnancy induced fetal resorption at a significantly high frequency (71-100% by ␣-GalCer vs. 17-31% by vehicle) in B6 mice. Interestingly, when ␣-GalCer was injected even before implantation, i.e., on day 4 of gestation, hemosiderin stains, generally observed as a trace of fetal implantation, were obvious in the uteri (see Fig. 2A ). This finding implies that embryos implanted once, but failed to develop further. To further investigate the requirement of V␣14 NKT cells for the abortion, B6 and V␣14 NKT-KO mice were injected with ␣-GalCer on day 6 of pregnancy. No fetal loss was detected in V␣14 NKT-KO mice, in which V␣14 NKT cells failed to develop, leaving other lymphoid cells, including T, B, and NK cells, intact (Fig. 2B) It has been shown that V␣14 NKT cells affect target cells by a perforindependent mechanism after direct contact with tumor cells (18) . Thus, the ␣-GalCer-mediated abortion also might be caused by perforin. To address this possibility, perforin-KO pregnant mice were injected with ␣-GalCer. As shown in Fig. 2C , no fetal resorption was observed. This result indicates that perforinmediated cytotoxicity is requisite for the ␣-GalCer-induced abortion.
It has been reported that the administration of cytokines, such as IFN-␥ and TNF-␣, induces fetal resorption (1, 6) . In addition, the decidual V␣14 NKT cells produced a considerable amount of IFN-␥ and TNF-␣ upon stimulation with ␣-GalCer (Fig. 1 B   Fig. 3 . Histological analysis of embryonic and extraembryonic tissues after ␣-GalCer treatment. Fetomaternal junction of B6 pregnant mice on day 8 of gestation was analyzed. Twelve hours before sacrifice, mice were treated with control vehicle (A, C, and E) or ␣-GalCer (B, D, and F). dec, decidual stroma cells; ec, ectoplacental cone; eca, ectoplacental cavity; ex, exocoelomic cavity; am, amnion; ac, amniotic cavity; e, embryo. Higher magnifications of the ectoplacental cone (framed areas in A and B or C and D) are illustrated in C and D or E and F, respectively. dec, decidual stroma cells; la, lacunae; ec, ectoplacental cone. (Bars ϭ 200 m.) 
Fig. 2. The abortion mediated by ␣-GalCer-activated V␣14 NKT cells. Pregnant B6 (A), V␣14 NKT-KO (B), perforin-KO (C), IFN-␥-KO (D), and TNF-␣-KO (E)
mice were administrated ␣-GalCer or control vehicle on day 6 of gestation. Three days later, pregnant mice were sacrificed and the numbers of living or resorbing embryos were counted. A representative macroscopic view of uteri in each experimental group is shown. The number of aborted fetuses per number of total fetuses is summarized and shown with each image. In A, a representative photographic view of hemosiderin deposition indicating the implantation of fertilized egg in the uterine epithelium of B6 mice is also shown (arrows, Inset).
and C), and, therefore, the requirement of IFN-␥ and͞or TNF-␣ for the ␣-GalCer-induced abortion was investigated. As shown in Fig. 2 D and E, no fetal resorption was observed after ␣-GalCer treatment in IFN-␥-KO or TNF-␣-KO mice, indicating that both IFN-␥ and TNF-␣ are essential for the V␣14 NKT cell-mediated abortion.
Preferential Damage in Embryonic Trophoblasts by ␣-GalCer Injection.
To understand the pathological process involved in the ␣-GalCer-induced abortion, we performed histological examination on day 8.0 embryos 12 hr after ␣-GalCer administration. With vehicle administration, no significant changes were observed either in embryonic or extraembryonic tissues (Fig. 3 A, C, and  E) . Similarly, distal structures of embryonic tissues, including chorion, amnion, and embryo, and maternal tissues surrounding the ectoplacental cone were unaffected both in the control and the ␣-GalCer-treated groups at this stage (Fig. 3B) . However, the ␣-GalCer administration induced the preferential damage in the ectoplacental cone, showing that their structure was disorganized and the formation of lacunae filled with maternal blood surrounding the ectoplacental cone also was retarded (Fig. 3 B  and D) . In higher magnifications of the ectoplacental cone, it is easily recognized that trophoblast cells were degenerated, because their nuclei and intercellular boundaries were hardly visible (Fig. 3F) .
The terminal deoxynucleotidyltransferase-mediated dUTP nick end labeling staining revealed the drastic changes in both the embryonic trophoblasts and the maternal tissues in the vicinity of the proximal end of the ectoplacental cone. By visualizing the embryonic cells as pink grains by X-Gal staining, indicating the ␤-galactosidase expression derived from ROSA 26 transgene of fetal origin (25) , the precise boundary of embryonic and maternal tissues was determined (Fig. 4A , white arrowheads). Interestingly, a cluster of maternal cells undergoing apoptosis was seen clearly in the normal and vehicle-treated embryos (Fig. 4B, black arrow) and the structure of the ectoplacental cone was identified easily (Fig. 4B, black arrowheads) . However, the maternal apoptotic cells at the proximal end of the ectoplacental cone disappeared after ␣-GalCer administration, whereas a number of apoptotic cells were detected in the ectoplacental cone (Fig. 4 C and D, blue grains) . Therefore, the ectoplacental cone was primarily affected by the ␣-GalCer injection, implying that embryonic trophoblasts lose their invasive activity and undergo apoptosis after activation of V␣14 NKT cells.
Discussion
Here, we demonstrate that a distinct lymphocyte subset, V␣14 NKT cells that predominantly express V␤7, accumulates in the decidua during pregnancy. Because V␣14 NKT cells in most peripheral tissues, including bone marrow, spleen, and liver, express V␤8.2 (27) , the preferential association with a particular V␤7 suggests a specific selection and function of the decidual V␣14 NKT cells. In fact, we found a unique cytokine profile of the decidual V␣14 NKT cells producing IFN-␥ and TNF-␣ but not IL-2 or IL-4 upon ␣-GalCer stimulation ( Fig. 1 B and C) . Similar to the V␤8-bearing NKT cells, those with V␤7 are known to react with ␣-GalCer, indicating that the epitope specificity of V␣14 NKT cell receptor is not altered by the V␤7 usage (29, 30) . Thus, it is most likely that the ␣-GalCer-induced abortion is mediated by the decidual V␣14 NKT cells bearing V␤7, although the difference in function between V␣14 NKT cells bearing V␤8 and V␤7 is not clarified at this moment.
So far, the (CBA ϫ DBA͞2)F 1 mouse is the only known animal model to show a high abortion rate (31) . However, ␣-GalCer-induced V␣14 NKT cell-mediated abortion can be a universal model for a high abortion rate and can be applied to all mouse strains regardless of genetic background, because ␣-GalCer activates V␣14 NKT cells in various mouse strains in association with CD1d class Ib molecules that are monomorphic in nature (32) .
The ␣-GalCer-induced abortion requires V␣14 NKT cells because no embryo loss is found in V␣14 NKT-KO mice (Fig. 2) . Moreover, both IFN-␥ and TNF-␣ are found to be essential for the V␣14 NKT cell-mediated abortion. These results are in good agreement with those by others (1-3, 33) . The injection of large amounts of IFN-␥ and TNF-␣ induces apoptosis in trophoblasts (34) and leads to abortion (1, 6) . Although the mode of action of these cytokines in the decidua remains unclear, the present results obtained from various KO mice clearly indicate that both IFN-␥ and TNF-␣ are required, but neither one is sufficient.
In addition to these cytokines, direct cell-cell contact and perforin-dependent killing appear to be indispensable for the induction of the abortion, because no fetal demise is observed in perforin-KO mice that still produced large amounts of IFN-␥ and TNF-␣ in their sera after ␣-GalCer injection (data not shown). Although the molecules involved in the V␣14 NKT cell-mediated contact killing have not been elucidated precisely yet, they are likely to be similar to those defined in NK cells, whose killing system is mediated by two-step molecular events: the direct contact by adhesion molecules or killer activation receptors and the discrimination of target cells from normal cells by killer inhibitory receptors delivering negative signals through interaction with MHC-like self-molecules on target cells (35) . Because embryonic trophoblasts do not express classical class I MHC molecules (36) , V␣14 NKT cells after activation with ␣-GalCer-presented DCs are likely to directly contact and kill embryonic trophoblasts but not normal cells. In fact, histological findings in the decidua of pregnant mice undergoing the ␣-GalCer-mediated abortion indicate that embryonic trophoblasts are affected selectively, leading to apoptosis.
It is also speculated that activated-V␣14 NKT cells in tissues other than decidua produce various cytokines, including IFN-␥, which, in turn, activates other cell types, such as NK cells in the decidua, because NK cells are reported to be activated by IFN-␥ and kill targets lacking class I MHC expression in a perforindependent fashion (37) . In any event, the direct cell-cell contact followed by perforin-dependent killing and certain cytokines produced by V␣14 NKT cells appears to be essential for the induction of the abortion. Thus, the process of embryonic cell apoptosis during abortion seems to involve multifactorial events.
A high incidence of maternal complications, such as abortion (9.7%), premature labor (59.6%), and still-births (5.7%), in malaria (Plasmodium falciparum)-infected pregnant women has been reported (19) . Trypanosoma brucei and Leishmania mexicana infections in pregnant women also result in abortion at a high frequency (4, 20, 21) . Recently, glycosyl-phosphatidylinositols (GPIs) from P. falciparum, Leishmania, and T. brucei have been found to be ligands for V␣14 NKT cells (22) . These findings suggest the possible involvement of V␣14 NKT cells in the fetomaternal immune responses, particularly against pathogens, such as parasites.
Th2 cells are reported to be involved in the maintenance of the embryo, whereas Th1 cells are responsible for abortion (1) (2) (3) (4) (5) (6) . It thus is speculated that V␣14 NKT cells in the decidua have a role in preventing rejection of the fetus under physiological conditions, because V␣14 NKT cells have been shown to downregulate Th1-type immune responses under certain conditions (38, 39) , regardless of their ability to produce both Th1 and Th2 cytokines (16) . However, there is no direct evidence to support the above notion in normal pregnancy at present, because differences in the production rate between V␣14 NKT-KO and wild-type mice are found to be insignificant (data not shown).
Contrary to the above speculation, our findings clearly indicate that the decidual V␣14 NKT cells reject embryos upon stimulation with their ligands. Thus, the most conceivable function of the decidual V␣14 NKT cells seems to be the protection of the maternal body from serious infections. Our recent experiments also suggest that bacteria-derived material can activate V␣14 NKT cells to produce cytokines such as IFN-␥ (data not shown). The decidual V␣14 NKT cells might play a unique role in the defense system against pathogens in the pregnant uterus.
